Chickens treated at seven weeks of age with 150, 200, or 250 mg of crystalline monensin sodium/kg body weight had signs oftoxicosis, including extreme weakness, anorexia, paralysis and death. Gross lesions included emaciation, generalized congestion, myocardial enlargement and pallor, and hydropericardium. Samples of ventricular myocardium, superficial pectoralis (white fibers), anterior latissimus dorsi (intermediate fibers), and sartorius muscles (mixed red, intermediate, and white fibers) were examined by light microscope. Intermyofibrillar vacuolation, histochemically positive for neutral fat, was severe in the myocardium and red muscle fibers and moderate in the intermediate muscle fibers. Myofiber necrosis was limited to the red muscle fibers. Mitochondrial degeneration was apparent in myocardial sections from several chickens. Interstitial infiltration by macrophages and heterophils was common in the myocardium and aerobic skeletal muscle.
Monensin is the principal component of an antibiotic complex produced during fermentation by a strain of Streptomyces cinnamonensin. The drug is used extensively as a coccidiostat in broiler rations [ 18, 19] and as a growth stimulant in beef cattle [5] . Monensin also may control intestinal coccidiosis in lambs [14] , calves [4] , and turkeys [13] , and hepatic coccidiosis in rabbits [3] .
Monensin toxicosis has been reported in horses [9, 12, 16] , cattle [ l], guinea fowl keets [8] , turkeys [8, 20] , and laying chickens [22] . We studied the effects of acute monensin toxicosis in broiler chickens.
Materials and Methods
Forty male White Rock broiler chickens, 7 weeks old, were allocated into four groups of 10 chickens each. Chickens in group I each received an empty gelatin capsule and served as nontreated controls. Chickens of groups II, III, and IV received a single oral dose of crystalline monensin sodium (85% active ingredient) at 150, 200, and 250 mg/kg of body weight, respectively.
Following treatment, each chicken was observed several times daily for clinical signs of disease. One chicken was selected at random from each group, killed, and necropsied at 3, 6, 9, 12, 24, and 48 hours, and 5, 7, 9, arid 12 days after treatment. Chickens that died were necropsied promptly.
Tissues for histologic examination were collected at necropsy from all visceral organs, brain, Enzyme histochemical studies were done on samples of myocardium and skeletal mu~".\es to determine fiber types present, and to evaluate the effect of monensin on specific .... 1zyme activity. Representative samples of myocardium and skeletal muscles were frozen by immersio .. iP isopentane previously cooled to -l60°C in liquid nitrogen. Frozen sections were stained for reduceu mcvtinamide adenine dinucleotide dehydrogenase, alkaline-stable adenosine triphosphatase (ATPase), and acid-stable ATPase (7, 15, 21] .
Results
All the treated chickens developed progressive signs of anorexia, diarrhea, depression, and weakness. Most chickens in group IV were drowsy and depressed by hour 3. Typically, the affected chickens lay on their chests with drooped head and wings by hour 3 to 10. The clinical signs were similar in all treated chickens, but the severity varied among individuals within each group and among groups, being most severe in group IV. Two chickens in group IV and one in group III died between hours 18 and 57. Clinical improvement was first evident in a few chickens on day 5. All the surviving chickens were walking and eating, and the consistency of their feces was normal, by day 9.
Gross lesions were present in chickens from each treatment group, but were most severe in those in the high-dosage group (table I.) The chickens were emaciated and frequently had generalized congestion of the viscera and hydropericardium, and occasionally ascites. The most common lesions were myocardial streaking and pallor ( fig. l) , dilatation of the ventricles of the heart, and lack of myocardial tone. Cardiac lesions occurred by hour 12.
Intermyofibrillar osmophilic fat droplets, 0.5 to 1.0 µm in diameter, appeared in rows between the myofibrils as early as hour 3 in chickens from all treatment groups. In chickens that lived longer, fat droplets were as large as 7 µm in diameter ( fig. 2) . At the same time, the myofibrils were separated widely and their striations were less apparent. Myocardial mitochondria in several treated chickens stained indistinctly by Cain's method, and basophilic granular material appeared in the perinuclear and intermyofibrillar spaces. Infiltrating macrophages and heterophils often were prominent in the myocardium by day 5 (fig. 3 ). The incidence of histologic myocardial lesions is shown in table II. No microscopic lesions were seen in tissues collected from other visceral organs, brain or spinal cord in the treated chickens.
Intermyofibrillar fat droplets were first evident in selected fibers of the sartorius muscle at hour 6 ( fig. 4 ). Segmental contracture and fragmentation of selected fibers were seen by hour 18. Hyalin, eosinophilic granular masses of disrupted sarcoplasm, and myofibrillar elements were infiltrated by macrophages and heterophils ( fig. 5 ). Prominent histiocytic infiltration was common in older lesions. Aggregation of Aband material with loss of registry as the result of disrupted myofibrils was common in selected muscle fibers. Variability in the severity of lesions in selected fibers was a constant feature in the mixed sartorius muscle; many fibers were not affected. Muscle fiber regeneration without residual lesions was evident by day 9 in all treatment groups. Segmental fragmentation of muscle fibers and sarcoplasmic vacuolation, sarcoplasmic hyalinization with loss of striations, and infiltration by macrophages and heterophils were evident in an occasional fiber of the superficial pectoralis muscle of two chickens in group IV. Intermyofibrillar fat was rare.
The microscopic lesions in the anterior latissimus dorsi muscles were limited to moderate, uniform intermyofibrillar deposition of neutral fat in all fibers. The fatty change was first evident and most prominent in chickens of group IV. Striations were not altered; however, the myofibrils were separated excessively.
No differences between control and treated chickens were found in the intensity of histochemical staining of myocardium and skeletal muscles for reduced nicotinamide adenine dinucleotide dehydrogenase, alkaline-stable A TPase, or acid-stable A TPase. The results were helpful, however, in determining the fiber types in the selected skeletal muscles and myocardium and agree with a previous study of fiber types in muscles of broiler chickens [10) .
Discussion
Single oral doses of crystalline· monensin sodium at 150, 200, and 250 mg/kg body weight were toxic to all broiler chickens studied. These dosages assured toxicosis and resultant lesions. The lethal dose 50 of monensin sodium in broiler chickens is 200 mg/kg [2] . The recommended dosage of monensin as a coccidiostat is 100 parts per million of the broiler ration [2).
Signs of monensin toxicosis were similar in all treated chickens but were evident earlier and were most severe at the 250 mg/kg dosage (group IV). These signs included anorexia, diarrhea, depression, and weakness and were evident from as soon as hour 3 until day 9.
Prominent gross lesions occurred in the heart and were referable to cardiac injury and dysfunction. Myocardial streaking and pallor occurred by hour 12, along with ventricular dilatation and lack of myocardial tone. Hydropericardium occurred in our chickens and has been seen in affected horses as well [16] . Cardiac enlargement also has been described in calves with monensin intoxication [l].
No abnormalities were found with the histochemical stains we used. The absence of A TPase abnormalities in muscle sections, however, does not suggest that monensin does not bind to A TPase, because ovabain and ATP have separated binding sites on the A TPase molecule. Furthermore, the results probably do not relate to the quantity of mitochondrial, myofibrillar, or sarcotubular ATPase [6] , as the inorganic phosphate product of ATP hydrolysis, at any location in the muscle cell, binds to the myofibrils. Thus, the histochemical reaction is not specific for a particular reaction product. Also, as previously reported, phospha.te binding to the myofibrils may be directly related to myofibrillar bound calcium [6] . If this is true, then the staining reaction might vary directly with the available myofibrillar calcium. In our staining procedure, however, CaC0 2 was provided. Thus myofibrillar calcium was not a limiting factor. .
Degenerative myopathy of striated muscle in this study consisted of progressive intermyofibrillar deposition of neutral fat, infiltration of macrophages and heterophils, and fragmentation of selected fibers. The lesions varied from mild to severe depending on the muscle fiber type. Lesions were severe in red fibers of the myocardium and sartorius. muscle, moderate in intermediate fibers of the anterior latissimus dorsi and sartorius muscles, and mild or absent in white fibers of the sartorius and superficial pectoralis muscles. Thus the toxic action of monensin appears to be directed primarily at red muscle fibers, which are most dependent on aerobic catabolism for energy production.
Mitochondrial degeneration was evident in myocardial sections of several treated chickens. The relationship between mitochondrial changes and fatty degeneration, however, was not determined in this study. Monensin has been reported to alter the normal membrane gradients of sodium and potassium [ 17] , which are regulated by the sodium-potassium-A TPase active transport system. The selective action of monensin on aerobic.muscle fibers, and the sp~cific ion transport properties ofmonensin, suggest that toxicosis may be related to alteration of the ionic sodium and potassium transmembrane gradients with subsequent reduction in fat catabolism and oxidative phosphorylation.
Further studies are needed to ascertain the mechanism of monensin toxicosis in aerobic muscle cells.
